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LAMTINAR AND TURBULENT HYDROGEN HEAT TRANSFER
AND FRICTION COEFFICIENTS OVER PARALLEL
PLATES AT 5000° R
by Jack G. Slaby, William L. Maag, and Byron L. Siegel

Lewis Research Center

SUMMARY

Local heat-transfer coefficients and average friction factors were ob-
tained experimentally for hydrogen flowing over parallel tungsten plates heated
electrically to 5000° R with an outlet hydrogen temperature as high as 3500° R.
For these experiments, the ratio of length to equivalent diameter was 74, and
the modified Reynolds number varied from 1255 to 12,500 with the fluid proper-
ties evaluated at the film temperature. The ratio of surface to bulk-gas tem-~
perature extended to 3.0, and the maximum local heat flux was 2.75 Btu per sec-
ond per square inch.

The local heat-transfer coefficients for turbulent flow were correlated by
a Dittus-Boelter-type equation. The experimental laminar-flow heat-transfer
data showed good agreement with an analytical study of a developing laminar-
flow region. The thermal entrance length required for a constant Nusselt num-
ber in laminar flow depended on the local modified film Reynolds number, which
decreased as much as a factor of 3 from entrance to exit. An experimental
value of Nusselt number equal to 9.0 was determined for fully developed laminar
flow across parallel plates.

The experimental friction factors in the laminar entrance region of paral-
lel plates agreed with average analytical friction factors in the laminar en-
trance region of a tube. Average isothermal turbulent friction factors corre-
lated with the Kdrmdn-Nikuradse line. With the addition of heat, however, the
friction factors were progressively higher than the Kédrman-Nikuradse line.

INTRODUCTION

The primary objective in the design of a solid-core nuclear rocket engine
is to achieve the highest hydrogen propellant temperature within the operating



limits of the materials of the core. 1In this manner a high specific impulse
can be obtained to perform the more advanced interplanetary missions. A suc-
cessful design depends on finding solid materials that can operate at high tem-
peratures under high aercdynamic forces and being able to predict accurately
the heat-transfer rates for the hydrogen - solid-core system at these tempera-
tures. Experimental research at the Lewis Research Center is being performed
to determine (1) the effect of internal heat generation and high temperatures
on the structural properties of tungsten and other refractory materials, (2)
the effect of high aerodynamic forces on various fuel element configurations at
elevated temperatures, and (3) the effect of variable thermodynamic and trans-
port properties of hydrogen on existing convective heat-transfer and friction-
factor correlations.

The operating conditions that would exist in a solid reactor core can be
simulated by flowing hydrogen over electrically heated elements. A parallel-
flat-plate configuration was chosen for this study because it can be electri-
cally heated. This type of testing, in which nuclear heating is simulated
electrically, permits study of heat-transfer and multipassage-flow-distribution
problems. Previous experimental heat-transfer data (refs. 1 to 4) at high sur-
face temperatures have been presented for single tubes, but few or no data
exist for parallel-plate configurations. This report deals with the heat-
transfer aspect of this project and extends the convective-heat-transfer and
friction-factor correlations for a hydrogen - parallel-plate system up to sur-
face temperatures of 5000° R.

SYMBOLS
A free-flow cross-sectional area at spacers, sq ft
Afr spacerless free-flow cross-sectional area, sq It
Ay current-flow cross-sectional area, sq ft
C constant
Ceo conversion constant, electric to thermal heat, 0.948x10~° Btu/(sec)(w)
cp specific heat of hydrogen at constant pressure, Btu/(1b)(°R)
D equivalent diameter of test section at spacer cross section, ft
Dep equivalent diameter of test section at spacerless cross section, ft
T average friction factor
G mass velocity at spacerless cross section, 1b/(sec)(sq ft)
G,ax Mass velocity at spacer cross section, 1b/(sec)(sq Tt)
Gr Graetz mumber, RepPrp/(x/D)
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acceleration due to gravity, 32.2 ft/sec2

enthalpy, Btu / 1b

local heat-transfer coefficient, Btu/(sec)(sq £t)(°R)
current, amp

test-section-entrance contraction coefficient
spacer contraction coefficient

spacer expansion coefficient

thermal conductivity of hydrogen, Btu/(ft)(sec)(°R)
test-section length, ft

number of sets of spacers

Nusselt number, hD/k

static pressure drop across test section, 1b/sq Tt
Prandtl number, Cpp/k

absolute static pressure, lb/sq ft

rate of heat transfer to hydrogen, Btu/sec
incremental rate of heat transfer, Btu/sec

rate of electric heat input, Btu/sec

resistance, ohms

Reynolds number, GmaXD/p
CasxD Tp
T

modified film Reynolds number,
gas constant, ft-1b/(1b)(°R)
total heat-transfer surface area, sq ft
total friction surface area, sq ft

total or stagnation temperature, SR

average bulk temperature, (T;, + Tout)/Z, °R

average film temperature, (T. + T:.)/2, °R
s b 4
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T, average surface temperature, °R
t static temperature, °R
v local bulk velocity of gas, ft/sec
e voltage, Vv
v local velocity of gas, ft/sec
W gas-flow rate, 1b/sec
X distance from entrance of test section, ft
Z spacer pressure factor
o4 deviation of velocity profile from uniform (slug-flow) velocity profile
for which o =1
ratio of specific heats of hydrogen
A% thermal boundary-layer thickness
3] hydrodynamic boundary-layer thickness
¢ resistivity of tungsten, (ohm)(ft)
o density of gas, 1b/cu ft
P mean density of gas, (pin + Pout)/ﬁg(tin + tout)’ 1b/cu ft
o ratio of spacerless free flow area to frontal area
% absolute viscosity of hydrogen, 1b/(sec)(ft)
- wall shear stress, 1b/sq ft
Subscripts:
av average
b bulk (when applied to properties, indicates evaluation at average bulk

temperature Ty)
cond conduction
conv convection
e electric

f f£ilm (when applied to properties, indicates evaluation at average film
temperature Tp)



fr friction

g gas

gen generated

in entering test-section apparatus

m mean

mo momentum

noz nozzle

out leaving test-section apparatus

rad radiation

s surface (when applied to properties, indicates evaluation at

average surface temperature TS)
X characteristic length dimension
O,n+l test-section inlet and outlet, respectively

0,1,2,3,4,5 stations, refer to fig. 3

APPARATUS AND PROCEDURE
Flow System

The flow system is shown schematically in figure 1. Hydrogen, supplied
from a bank of high-pressure bottles at ambient temperature, was metered
through a choked flow nozzle and controlled with a remotely operated pressure
control valve. The use of a choked flow nozzle assured congtant mass flow
through the test section as long as a choked condition was maintained in the
nozzle for a constant upstream density. For the nozzle, minimum flow was about
0.008 pound per seccond, and maximum flow was 0.05 pound per second. The entire
gystem was purged with nitrogen before the hydrogen was turned on. The con-
trols were set for "fail-safe" operation so that the nitrogen purge would auto-
matically come on and both the hydrogen and the electrical supplies would shut
down if a predetermined operating permissive failed. The maximum allowable
test-section pressure was 75 pounds per square inch absolute. The heated hy-
drogen was cooled below 1000° R in a concentric-tube hydrogen-to-water heat ex-
changer before being exhausted through piping to the atmosphere sbove the
building.

Power Supply

A single-phase, 60-cycle, 500-kilovolt-ampere saturable-reactor controlled
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power supply was used to heat the elements. Output voltage was varied from 2.5

§ Exhaust

Test-section
pressurizing
valve

Heat exchanger E

L ~Mixing can

{35155V

H ~4000: 1 Current transformer e —— L
g l Water ALTELLLLLTA r E}\\\\N
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control 1 —Tungsten
nitride | elements
housing - B
2400-v, g C
60-cycle 500 kv-amp E e
supply saturable- =3
reactor 2.5 AP
power to
Nitrogen On-off purge valve supply 2%y
purge
Preset
Remotely TTin, g Pin
operated On-off test-section valve
Hydrogen
from tank
at 2400 == §
Ib/sq in
CD-7809

Figure 1. - Schematic diagram of test-section apparatus and location of instrumentation.

to 25 volts with a maximum current rating of 20,000 amperes. With bus losses,
however, the maximum power to the test section was limited to 225 kilowatts.

Test Section

Experiments were performed in a test section (figs. 2 and 3) consisting of
five commercially rolled tungsten plates, 0.030 inch thick, 1 inch wide, and

9% inches long, with tabs on each end that served as bus connections. The

tabs, which were formed by grinding, connected the elements mechanically and
electrically and allowed the hydrogen to flow unimpeded between the plates.

The plates were connected in parallel electrically and spaced 0.060 inch apart
by tungsten spacers. The spacers consisted of 0.l20-inch-outside-diameter
tungsten cylinders having a height of 0.060 inch and an inside diameter of
0.065 inch. The spacers were placed over 0.065-inch holes disintegrated in the
tungsten plates (5/16 in. from the edge), and a 0.080-inch tungsten bolt was
inserted through the five plates and four spacers. A tungsten nut held the as-
sembly together. Two spacer assemblies were located at each l/Z-inch interval
along the assembly length, the total being 15 sets (fig. 2). The spacers were
necessary to support the plates against the pulsating electromagnetic forces
generated by the large alternating current through the plates. Steady-state
alternating-current values as high as 14,000 amperes produced loadings on the
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outside plates as high as 3 pounds per inch
of length (ref. 5). At the start of a
test, transient currents over 100,000 am-
peres, as measured on an oscilloscope, pro-
duced electromagnetic forces large enough
to shatter unsupported tungsten plates.
Alternating current flowing in the same di-
rection in parallel plates causes the outer
plates to pull in toward the center plate
and then recover as the current varies from
zero to a maximum. The calculated natural
frequency of vibration of an unheated tung-
sten plate, as described previously, sup-
ported only at the ends is about 80 cycles
per second (ref. 6). The driving frequency
of a 60-cycle-per-second alternating-
current power supply is 120 cycles per sec-
ond. High-speed movies taken of a test
section with and without supporting spacers
showed that, under the influence of a large
alternating current, the unsupported test
section vibrated like a set of rubber
bands. This vibration was probably due to
C-65252 resonance.

Figure 2. - Five-plate spacer-supported tungsten test section .
clamped in electrical bus support. The tungsten spacers and pins also

supported the plates against aerodynamic

forces that cause the plates to vibrate and
shatter. A single 9.5-inch-long unsupported plate with no current flow and
hence no electromagnetic forces has vibrated itself to pieces under hydrogen

flow with a dynamic head as low as 0.1

Station 0 12 34 pound per square inch.
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The test section (fig. 4) was sur-
rounded by a high-temperature electrical
insulator (boron nitride) housing having a
flow passage 1/2 by 1 inch in cross section
to restriect the hydrogen coolant flow over
and between the plates. The boron nitride
housing consisted of two inner halves

1 (=1.5-in. 0.D.) held together by a cylin-
Figure 3. - Schematic of plates and spacers. drical 3-inch-outside-diameter outer
housing.
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In order to take care of longitudinal expansion of the five elements as a
unit, a predetermined spring force was applied to one end of the vertically
supported elements, while the other end was rigidly fastened. At maximum oper-
ating temperature, a slight tension still existed so that the elements would
not buckle and cause maldistribution of flow. This arrangement can be seen in
figure 4. The inlet bus to the test section was connected by the water-cooled
electrodes, which also acted as springs to maintain tension in the test sec-
tion.
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Figure 4. - Cutaway drawing of test section and associated apparatus.




Instrumentation

A schematic of the instrumentation is shown in figure 1. The voltage
across and the current through the test section were measured. The test volt-
age had to be taken directly across the test section because the large current
caused appreciable voltage drop in the water-cooled buses between the power
supply and the test section. A true-root-mean-square voltmeter was used to
measure the test voltage because of the waveform produced by the saturable-
reactor controlled power supply. Current was recorded on a recording ammeter
and also read on a precision ammeter through a 4000:1 stepdown current trans-
former. Inlet pressure to the test section was measured with a calibrated O-
to 100-pound-per-square-inch Bourdon tube gage. The pressure drop across the
test section was continuously recorded with a temperature-compensated strain-
gage bridge pressure transducer. Inlet temperature was measured with a type K
thermocouple (designation from ref. 7), and the exit temperature was measured
with either a platinum - platinum-13-percent-rhodium or a tungsten - tungsten-
26-percent-rhenium thermocouple. The
exit thermocouple was placed in a
baffled molybdenum mixing can so that
it would record a true mixed or bulk
gas temperature. The reliability of
this measured exit hydrogen tempera-
ture was verified by a heat balance
on the hydrogen-water heat exchanger
located at the test-section exit.
Pressure and temperature measurements
at the inlet to the choked flow noz-
zle were made. The mass-flow rate
was set by adjusting the nozzle inlet
pressure. Test flow rates ranged
from 0.0082 to 0.023 pound per sec-
ond. Measurement of the wall temper-
ature was somewhat difficult because
of the high temperatures involved and
the complexity of the multipassage
test section. It was determined that
reliable wall temperatures could be
measured by imbedding tungsten -
tungsten-26-percent-rhenium thermo-
couples in the edge of the center
plate to minimize radiation errors.
Two 0.010-inch-diameter holes, 1/8
inch deep and 0.030 inch between cen-
ters, were disintegrated into the
Figure 5. - Tungsten-plate test section instrumented with thermocouples edge of a 0.030-inch-thick tungsten
and housed in split boron nitride. element. During the disintegration
process, the l/8—inch—deep holes became slightly tapered. The 0.010-inch-
diameter tungsten - tungsten-26-percent-rhenium-thermocouple wire was mechani-
cally wedged into the tapered holes and was found to reliably measure the plate
temperature.




Figure 5 illustrates an instrumented test section. PFive tungsten plates
stacked one on top of the other were held together by tungsten pins, spacers,
and nuts. The eight thermocouples imbedded in the center plate were concen-
trated near the exit end of the test section (bottom of the picture) because
the temperature - gradients were larger at the hot end. The gaps left in the
boron nitride allowed the tungsten plates to move relative o the boron nitride
housing without shearing off the thermocouples. Verified wall temperature pro-
files are described in the section METHOD OF CALCULATTION.

This mechanical joint thermocouple proved to give reliable temperature
readings, was easy to install, and did not obstruct the flow passage. It
should be cautioned that, once the

40 L thermocouple wires were cycled above
] their recrystallization temperature,
4000 %¢ZMMm——— they became brittle and subject to

breakage. This type of thermocouple is
difficult to use with direct-current
3500 power because the junction is not a

point contact, and, therefore, the
thermocouple electromotive force is al-
tered by the distance between the two
3000 wires.

Platinum

The reliability of the thermocou-
Z00 ple readings was initially verified by
b Siiver - using melting plugs of noble metals.
Small holes of 0.015-inch diameter were
2000 / disintegrated through the tungsten

Surface temperature, °R

plates. A series of three to five
// melting plugs of either silver (m.p.,
1500 ve 2200° R), platinum (m.p., 3683° R), or
/ rhodium (m.p., 4031° R), was placed in
A these holes at intervals about 1/4 inch
X apart, where the temperature would be
o Thermocouple N near the melting point for each metal.
F— Melting-plug span The plugs were actually made like small
500 — rivets, peened over on each side, and
filed off so that all surfaces were
flush. The plates were run at the same
power level and gas flow rate as in a

0 .2 .4 .6 .8 1.0 . . .
Ratio of distance from test-section entrance to previous run in which thermocouples had
test-section length, /L been used. The wall temperature pro-
Figure 6. - Typical surface temperature profile of electri- files :.for ?aCh Tun are s:.mlle?r, as
cally heated five-plate experiment obtained from thermo- shown in figure 6. The melting plugs
couple and melting-plug data, also verified that all plates operated

at the same temperature. Plugs placed
on all five plates melted at the same axial position.
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Properties

The physical properties of hydrogen used for all calculations were taken
from reference 8.

METHOD OF CALCULATTION

Heat Transfer

Local heat-transfer coefficients are calculated because local heat flux
and wall temperature profiles vary axially as much as a factor of 5. The test
section is divided into 10
equal increments. Both a
B test element and a wall tem-
\ perature profile are shown
¢ schematically in figure 7. A
voltage measurement across
100 Percont heat balance the test section is taken for
N the interval between x/L = O
F ED and x/L = 1.0, which corre-
o= . L —10 sponds to line FD on the wall
. WL=0100.95 . temperature profile. This
Simplified (100 percent) heat balance represents the length of the
8in, — test section in which elec-
trical current generates a
q measurable amount of heat.
) q{iq“d Although some heat is gener-
Bus 9cond={ 9en = IR =" "cOnV *?a'w'a‘ed ated in the tab portion of
connections “Acond the element upstream of

out
Hydrogen__ | £ Tout from x/L = O, the amount is not
flow P”d ™ thermocouple significant because of the
=

o Thermocouple reading

=

i«——  Total voltage drop, 8% in, —

1 low resistance of the cooled

- Overall length, 83in. tungsten and copper busing.

Figure 7. - Model for calculations. The following simplify-
ing assumptions relating to
the incremental element A(X/L) of the 8-inch test section in figure 7 were
made:

(1) Axial conductio? is neglig?ble (qcond,in = qcond,out)’ For the most
extreme temperature profiles, the difference between the heat conducted into an
increment and the heat conducted out of the increment is less than 1 percent of
the total internal heat generated per increment.

(2) Radiation loss is negligible (qrad ~ 0). The five tungsten plates ra-
diate to the boron nitride housing from essentially only two of the 10 sur-
faces. In addition, boron nitride has a highly reflective surface. The radia-
tion heat loss per increment is calculated to be less than 1 percent of the in-
ternal heat generated per increment.

(3) In the 10th increment, heat is conducted into the buses and water-
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cooled plates and causes a drop in the wall temperature (line BC in fig. 7).
The hot hydrogen is also cooled by passing over the colder surfaces in this re-
gion. It is almost impossible to take a heat balance on this bus-connected in-
crement. Consequently, the 10th increment is shortened to extend only to

x/L = 0.955 (point B in fig. 7).

When these assumptions are used, the internal heat generated in the plates
(IZR) equals the amount of heat convected into the hydrogen gas stream for each
inerement from x/L =0 to x/L =.0.955:

2
_ Cool®t AL
dgen = T X

e

= W(Hout - Hin)

About 95 percent of the total input power is generated in the region X/L =0
to x/I, = 0.955. Local heat-transfer coefficients in this region are calcu-
lated. The incremental heat-transfer coefficient is then calculated by

Ag

h =
AS(T, - Ty)

where h is an average local coefficient for the increment, which includes 10
surfaces for the five plates, Ty = (Touy + Ty,)/2, and AS is the incremental
heat~transfer area of the five plates and spacers. The Nusselt number is cal-
culated by using the relation Nu = hD/k. A1l hydrogen properties are evalu-
ated at the total film temperature, which is essentially equal to the static
film temperature at the low Mach numbers of this investigation.

After the hydrogen-flow rate is adjusted and the power level is set, a
voltage measurement is taken across the test section between x/L = O and
X/L = 1.0. The voltage divided by the current through the test section yields
the overall resistance of the test section. When the ratio L/Ae of’ the
plates is known, a value of average resistivity is calculated. The overall
average surface temperature is obtained from the relation that exists between
temperature and resistivity for tungsten. This average surface temperature is
compared with the average surface temperature obtained by integrating the wall
temperature profile measured with thermocouples. The two independent methods
of measuring the average wall temperature profiles check within #100° R for all
runs. The wall temperature profile as measured with the tungsten - tungsten-
26-percent-rhenium thermocouple is then verified.

Average Friction Factors

Static-pressure taps are located only at the entrance and near the exit of
the test section. Consequently, only average friction factors can be calcu-
lated. The location of the exit pressure tap in the plates precludes an exit
pressure loss. The pressure drop measured across the test section is made up
of four components: entrance, momentum, friction, and spacer pressure drop.
The pressure drops at the test-section entrance and the spacer entrance are
made up of two components: a pressure loss due to a change in flow area and a

12



loss due to the irreversible free expansion, as characterized by the vena
contracta following an abrupt contraction. The spacer exit pressure drop is
also made up of two components: a pressure rise due to a change in flow area
and a pressure loss assoclated with the irreversible free expansion and momen-
tum changes following an abrupt expansion. These relations are best expressed
by equations (1) to (5), which are modifications of those given in reference 9:

2 S
AP = %— [(KC +1 - 02) E I 2(5; - 3;> + Kfﬁ E Z] (1)
‘& Po Ps PO fr Pn
(Entrance) (Momentum) (Fric-* (Spac-
, . tion) er

where Z 1s the pressure factor from the spacer entrance and the exit, defined
for the two sets of spacers illustrated in figure 3 as

- 2) 1 ( 2) 1
Z = (Kcs,l +1 -0 BI + KCS’3 +1 -0 ) Bg

- [(‘Kes,z +1 - 02) g; * ('Kes 4 + 1 - 02) j;] (2)

2 2 Pa

Since the density change across any set of spacers is small, equation (2) may
be simplified by setting P = Py and Pz = Pyt

1
+ (Keg,3-4 + Keg,3.4) 7 (3)

7 = (K + K
( cs,1-2 es,l- 2) Pz_4

P1-2

Typical values of Keg and Ko, the spacer contraction and expansion coeffi-
cilents, respectively, are given for a similar configuration as a function of
Reynolds number and the ratio of the free flow area to the frontal area ¢ in
reference 9. The change in the values of K. and K.q for the range of
Reynolds numbers encountered in this report is small. Therefore, 1f a mean
density is used, equation (3) can be further simplified to

1
Z = W(Keg + Keg) 2 (4)
m

where N is the number of sets of spacers. A value of 0.15 was used for the
sum of the term (K. + Kgg). When equation (4) is substituted into equation

(1), a generallzed form of the equation is obtained to determine the average

friction factor:

2 S
G~ 2y 1 1 1 fr 1 1
AP = K. +1 -0 — + 2 - fh, —— — + N(K + K —— S5
2g [(Ac ) PO <;n+l ) P Apy o (Kes + Keg) pm] (8)
(Entrance) (Momentum) (Friction) (Spacer)
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The mean density for equation (5) is evaluated from the static pressures and
temperatures of the gas as follows:

\ .2 <Po_P_1) (o)

@g to ¥ thaa

The absolute static temperatures tn and t,.q used in evaluating the mean
density are calculated from measured gas flow, static pressure, and total tem-
perature by the following equation:

2 o
2
t o= - 1€ 2) 4 1g 2 i + 2T Te P ’ (7)
(v - 15Rg G (r - 1mg G (r - liﬁg G
which is obtained by combining the perfect gas law, the equation of continuity,

and the energy equation for an inviscid fluid.

The friction factor is then evaluated at film temperature T¢ by the
relation

il 2 o) b + + % b
S P fG bl in out
2
Afrpm
m li i 1 | { 1
Run
v 1016 {High power) e
4800 o 1013 11 e N
o 1011 e ]
o 1010 //"' |~ \
& 4w o 1009 (Low powen) 9% 1 2
"'-:’, = [ 71‘ - - /Er/ /O//
L~ L\ W
g 3900 vd L1 //o‘ L1
% b o), 1A
g P L1
s A / P % 5/ b
§ / Pyl / /ﬂ [ |1
= e LT o] \!;
a 1600 =1 o L
1 /% //.,4'0'
e W — 1
sm;_,ﬁ;—/
0 .1 2 3 .4 5 6 7 .8 9 10

Ratio of.distance.from tesi-section 'entrance' to test-s'ection length, xIL.

Figure 8. - Surface temperature profiles for various amounts of heat input for faminar-
flow runs, Hydrogen mass-flow rate, 0, 0082 pound per second.
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Figure 9. - Surface temperature profiles for various amounts of heat input for turbulent-
flow runs, Hydrogen mass-flow rate, 0.023 pound per second.

Run Inlet |Outlet Inlet (as Pressure | Voltage |Current |Gas flow,|Film Reynolds
gas gas pressure, drop across |through 1b/sec number ,
temper-| temper- 1b/sq in. abs| across test test Rep
ature, |ature, test section,|section,
°Rr °R section, v amp At At
1b/sq in. entrance|exit
900 541 955 30.0 9.00 3.38 10,800 0.0231 12,752 (8767
901 541 1336 34.8 11.93 6.20 11,800 12,924 [4070
902 541 1625 37.1 12.80 8.60 12,000 9,846 |3383
903| 540 1844 38.6 13.60 10.25 12,160 | | | ===-=-- -———-
904 541 1955 39.7 14.30 11.10 12,240 | | | ====-- -———
905 542 2044 41.2 15.02 11.70 12,400 8,371 | 3766
906 542 2105 42.7 16.60 12.40 12,500 y | | ====- ———-
907| 541 2215 44.6 18.15 13.40 12,800 | L | e---- ———-
908| 540 2435 46.4 18.85 14.40 12,880 V| =---- -——-
1009 526 1165 18.1 2.10 2.88 7,520 .0081 5,169 (2156
1010 526 1845 20.1 3.50 5.30 8,720 .0081 4,458 |1486
1011| 528 2190 21.1 4.15 6.38 9,000 .0081 3,956 | 1354
1012 528 2530 22.0 4.80 7.58 9,200 .0082 | ----- ———-
1013| 528 2790 z22.7 5.30 8.50 9,400 .0081 3,517 [1295
1014 527 3008 23.2 5.70 9.25 9,520 .0082 | ----- -———
1015 526 3241 23.9 6.35 10.50 9,760 .0082 | -=--- -——=
1016 526 3480 24.7 6.80 11.50 9,880 .0082 2,437 11257
81101| 528 1029 21.4 3.95 3.08 9,080 L0125 | ----- -——-
1102 528 1383 23.1 4.90 4.55 9,800 | | | ===-- ————
1103 528 1648 24.4 5.70 5.97 10,080 | | =---- -———-
1104 528 2001 25.8 6.80 7.55 10,30 ( | | ----- -—--
1105 528 2193 26.8 7.50 8.55 0,520 1 —---- -——-
1106 528 2404 27.8 8.30 9.60 0,720 |} |} ==--- ————
1107 525 2620 29.0 9.25 10.60 o800 | | =mmm- ————
1108 525 2860 29.9 9.90 11.50 11,0401 ¥V | -=--- ————

8Wall temperature profiles were not measured for the 1100 series runs.
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RESULTS AND DISCUSSION

Data are presented for three flow rates. Associated with two of the flow
rates are the representative axial wall temperature profiles for all five
plates shown in figures 8 and 9. The significant dimensions of the test sec-
tion were as follows:

Equivalent diameter at spacer cross section, D, ft . . . . . . . . . . 0.00935
Equivalent diameter at spacerless cross section, De., £t . . . . . . . . 0.010
Length-diameter ratio, L/D . . . « « v v v v v v v 0 i i s e e e e e e L T4
Heat-transfer surface area, S, sqg ft . . . . . . . . . . . . . . . 0.745
Friction surface area, Sppn, s@ ft . . . . . . . o . o oo o .o . oo . 0.83

The measured parameters are listed in the preceding table. The following are
the restrictions and the assumptions under which the data were obtained:

(1) The temperature-dependent hydrogen properties are evaluated at the
film temperature. As a result, the modified Reynolds number decreases as much
as a factor of 3 from entrance to exit of the test section for a given flow

rate.

(2) Uneven flow blockage exists through the passages. The four inner pas-
sages contain 0.060- by 0.120-inch spacers to support the plates against the
electromagnetic forces, whereas the outer passages contain only heads and nuts

of the spacer pins.

(3) The test section and boron nitride housing provide four inner flow
passages, each having two heated surfaces, and two outer flow passages, each
having one heated surface and one surface that acts as an adiabatic wall. This
causes the thermal boundary layer to build up on only one heated surface in an
outer passage, which results in a gas temperature profile different from that
for an inner passage. Reference 10 compares the Nusselt number for heating on
one wall and on both walls. Also, the hydrogen flow rate per passage adjusts
itself such that the pressure drop per passage 1s equal. An outer passage, be-
cause of the higher gas density and lower velocity, has a calculated mass flow
as much as 50 percent greater than an inner passage.

(4) The heat-transfer surface area and the test-section length are not the
same as the frictional surface area and the frictional length. Therefore, two
evaluations of equivalent diameter are necessary. The diameters are defined as

D =%7Af (9&)

De,, = (9b)
fr = 8o /Ley

Also, the friction equation (1) contains an entrance- and an exit-pressure-drop
term across each set of spacers. Therefore, the mass velocity for frictional
calculations is based on the spacerless cross-sectional flow area. The heat-
transfer mass velocity is calculated at the minimum-free-flow area or spacer
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cross section as outlined in reference 9. These considerations are included in
the heat-transfer and friction calculations.

(5) Steady-state conditions are assumed, and free-convection and radiation
effects are neglected. A calculation outlined in reference 3 indicates that
the free-convection effects are negligible.

(6) The fact that the heated portion of the test-section length is 74 L/D
precludes fully developed velocity profiles over a considerable length for the
Reynolds numbers of these tests.

(7) The hydrodynamic boundary layer starts before the thermal boundary
layer. The velocity profile starts to build up 6 L/D before the heated test
section. Consequently, the thermal and velocity boundary layers do not develop
simultaneously.

Heat-Transfer Correlation in Laminar-Flow Entrance Region

There is growing interest in compact heat exchangers employing large ra-
tios of surface to volume (equivalent diam., approx. 1/8 in.) with low-density
gas. The literature lists several solutions for constant-property local Nus-
selt numbers in the entrance region of heated tubes and plates for heat-
generation conditions such as constant wall temperature and constant heat flux

44
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Figure 10. - Variation of local laminar Nusselt number along test-section length for
various heat inputs. Hydrogen mass-flow rate, 0. 0082 pound per second.
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(refs. 10 to 14). Exact mathematical analysis, however, is difficult, with
variable properties or under the restrictions listed at the beginning of this

discussion.

The laminar heat-transfer data reported herein are for the entrance region
of flat parallel plates, where both the velocity profile and the thermal bound-
ary layers are developing. The flow rate for the laminar-flow runs was 0.0082
pound per second of hydrogen. Five axial temperature profiles measured with
thermocouples are shown in figure 8. Figure 10 is a plot of local Nusselt num-
ber against x/L. The conventional plot of Nusselt number against the recipro-
cal of Graetz number is shown in figure 11. Low- and high-power runs refer to

48
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Figure 11, - Variation of Nusselt number with reciprocal of Graetz number. Hydrogen mass-flow rate,
0. 0082 pound per second.

the corresponding profiles for low and high wall temperature of figure 8. As
the power to the test section is progressively increased (and wall temperature
rises), the value of the local Nusselt number (fig. 10) decreases for a given
X/L in the entrance region, where the velocity and thermal boundary profiles
are developing. These trends can be explained by referring to figure 12, which
presents curves based on the analysis of reference 11 (data from ref. 12).
Figure 12 shows the relative local Nusselt numbers for circular tubes for both
a fully developed parabolic velocity profile and a developing velocity profile
based on Langhaar's velocity profiles (ref. 11). Both curves are for a Prandtl
number of 0.7 and constant wall temperature and fluid properties.

The relative positions of the two curves of figure 12 are considered. The
Langhaar developing velocity profile curve is higher than the fully developed
parabolic velocity curve. It follows that the low-power curve in figure 11 can
be compared with the Langhaar developing velocity profile curve in the region
of transition from slug to parabolic flow because the change in fluid proper-
ties due to moderate tempersture near the wall is not very severe. In the
high-power curve, however, the high wall temperatures heat the hydrogen near
the wall and thus increase its viscosity. This results in a parabolic velocity
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Figure 12. - Kay's numerical solutions of local Nusselt number plotted against reciprocal of Graetz number for
constant wall temperature (data from ref. 12). Circular tubes; Prandti number, 0.7; constant properties.

profile in the fluid layers near the wall, but not throughout the core.

Conse-

quently, the high-power curve in the region of the wall can be compared with
the fully developed parabolic velocity profile.
curves of figures 10 and 11 can be partially explained by the change in veloc-

ity profile.

The relative trend of the

Flow in the entrance region of parallel plates, however, can be

compared with flow over a flat plate (ref. 15) wherein Nu, is proportional to

i/PrW/ReX. Even though the flow rate is constant, because of property varia-
tion, the local Reynolds number is much higher for the low-power curve than for

the high-power curve.
selt number is produced.

Thus, a thinner thermal boundary layer or a higher Nus-

The following table (from ref. 16) lists the constant property values of
Nusselt number for fully developed laminar flow under varied conditions of

Geometry Velocity
distribution
Circular tube Parabolic
Circular tube Parabolic

Circular tube
Circular tube

Slug (uniform)
Slug (uniform)

Parallel plates
Parallel plates

Parabolic
Parabolic

Parallel plates®|Varying

Wall condition

Nusselt
number ,
hD/k

Heat flux constant

Surface temperature
constant

Heat flux constant

Surface temperature
constant

Heat flux constant

Surface temperature
constant

Heat flux and sur-
face temperature
both increase in
axial direction

SExperimental results of present investigation.

4,36
3.66

geometry, velocity dis-
tribution, and wall tem-
perature distribution.
Certain trends can be
seen from the table by
keeping two of the pa-
rameters constant and
varying the third. For
example, when geometry
is varied, it can be
seen that a paraliel-
plate configuration pro-
duces & higher Nusselt
number than a tube con-
figuration for the same
velocity distribution
and wall conditions.

For a given geometry and
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given wall conditions, slug or uniform flow produces a higher Nusselt number
than does parabolic flow. Wall conditions also affect the local Nusselt num-
bers. 1In figure 13 is seen a comparison of Kay's numerical values of local

|
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Figure 13. - Kay's numerical solution of local Nusselt number plotted against reciprocal of Graetz number for
varying modes of wall temperature distribution (data from ref. 12). Prandtl number, 0.7; constant properties;

Langhaar developing velocity.

Nusselt numbers in a tube for wall conditions of constant heat input with those
for constant wall temperature. Variation of surface temperature along the
x~axis influences the shape of the temperature profile and also the boundary-
layer thickness. The effect of geometry, velocity distribution, and wall con-
ditions are summarized in the table on page 19.

For this investigation an experimental value of 9.0 was determined as the
constant Nusselt number for fully developed laminar flow (note the asymptote
of fig. 11). This is in agreement with the analytical values listed in the
table on page 19 when the interdependency of geometry, wall conditions, and
velocity distribution are considered.

Tor two-dimensional steady flow between parallel plates where there is
nonisothermal heat addition in the entrance region, the temperature of the
fluid changes from a uniform low value to varying values along the flow path.
In addition to the velocity boundary layer, which in this particular investiga-
tion began 6 L/D before the heated section, a thermal boundary layer develops
in the entrance region (generally AV 8). The relative rate of development
depends on the Prandtl number of the fluid. The thermal entrance length is the
distance from the beginning of the region of heat addition to the point where
the Nusselt number becomes independent of length.

The data of the present investigation indicate that the thermal entrance
length depends on the local modified Reynolds number with properties evaluated
at the film temperature. In figure 10 it is noted that four of the five curves
of the local Nusselt number as a function of X/L approach a constant Nusselt
number at a shorter x/I. as the local modified Reynolds number decreases. If
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this x/L position is converted into an L/D term and put into the form

L/D = CRep, the value of C for this investigation varies from 0.035 to 0.040.
This can also be seen in figure 11 where it can be seen that four of the five
experimental curves level out at a constant reciprocal of Graetz number, or as
expressed in equation form, (x/D)/RegPrp = constant. For a constant Prandtl
number x/D is proportional to the modified local film Reynolds number. The
low-power curves of figures 10 and 11 do not reach a constant Nusselt number or
a constant reciprocal of Graetz number because the test section is too short.
For example, if the exit Reynolds number of 2156 for this low-powered run re-
mained a constant, it would take approximately 80 L/D for the Nusselt number
to become constant in figure 10. It is also interesting to note that various
investigators listed in reference 17 expressed the L/D for a velocity profile
to become fully developed in laminar flow with constants ranging from

C = 0.0287 to 0.0575.

Friction Factor

The friction factor is defined as the equivalent shear force per unit area
in the flow direction. A treatment of the friction factor in the entrance re-
gion of short ducts in laminar flow is particularly complicated. For example,
friction factor

T
f:—lz—
pv
cg
is defined on the hasis of wall shear stress and is for fully developed flow.

The detailed calculations of the average friction factor, including spacer
correction, has been covered in the section METHOD OF CALCULATION. An addi-
tional discussion is needed, however, in order to explain the trend of the
data.

The following equation, taken from reference 16, is used to calculate the
friction factor:

2 2
G 1 1 2f L
- =2 | = - —|+ ==L 10

P2 = P1 = 2 <p2 pl> g Doy (20)
(static (APmO) (APfr)
pressure
across test
section)

It is noted that py, as defined in equation (6), was used because it produced
a satisfactory correlation. The mode of heat generation will determine which
method of density calculation will give the best approximation to an integrated

density, whether it be arithmetic, reciprocal % =L (-l— + L)), or one defined

2\PL P2
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by equation (6). To determine the average fric-

tion factor as defined in equation (10), both a
Heated plate ~ and the integrated value of p must be known.
Alpha is a correction to be applied when the ve-
| locity profile deviates from a uniform shape.

Local bulk
velocity, V—»f
}—Local velocity, v
i |

|

I the velocity varies in the manner shown
in figure 14, the momentum is not equal to pAV2
but 1s represented as pAVzﬁm, where

S S S S 2
Adiabatic wall _ AV
a = (11)
Figure 14. - Asymmetric velocity profile. ‘/A‘ v(pv dA)

When the velocity is uniform, oo = 1. For the laminar-flow runs of this inves-
tigation, the velocity profile is developing for at least half of the test-
section length, as evidenced by the curves of figure 10 (p. 17). A variable o
should be used because the velocity profile is continuously changing as a re-
sult of both entrance effects and property variation.

Reference 9 gives curves of a momentum correction factor that can be used

to convert the actual momentum rate to that which would be obtained from the
mean velocity. These data
are for circular tubes

—
[ | ," { | ’ 1 with constant properties.
Run - Sets of This factor of refer-
series spacers ) .
ence 9, which is the re-
, N g£ £ ciprocal of a, reaches a
) o 1000 13.5 maximum of 1.33.
v 1100 13.5
— Solid symbols indicate isothermal Most experimental in-
L for given runs vestigators assume o to
PP be a constant equal to 1.
——— Karmén-Nikuradze ; el
solution For highly turbulent flow,
02 — ~— Solution for rectangular this is a good approxima-
: 2g?ﬁ£:yﬂh1mh tion. In figure 15, the
e f f 1100 series runs illus-
g% % trate that, when o 1is
< & ﬁl—v——ggo @ assumed equa} to l.as %n
5 F 008> 7, the present investigation,
$X [ NY_vy the modified friction data
£ oS 00—— T~ . .
2« N Tl e for variable fluid proper-
EY NI ‘\\\\%L._ ties tend to be progres-
B S ‘\\!\‘\ sively higher as the heat
2 3 ; S
— A \\\\\\\5\ generation is increased
. I for a given flow rate.
L0020 - R
1000 2000 400 6000 10,000 2,00 40,000 60,00  Dbecause the velocity pro-
Modified film Reynolds number at spacerless cross-sectional flow area, files are not known
GDTy/ T throughout the test sec-
Figure 15. - Correlation of average modified half-friction factors with modi- tion, a value of @ 1S
fied Reynolds number. Viscosity and density of hydrogen evaluated at film not calculated but is as-
temperature; spacer contraction plus spacer expansion coefficient, 0.15. sumed to be equal to 1.
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This same trend can be seen in the data of references 1 to 3. This is particu-
larly evident at Reynolds numbers below 5000, where o 1is less than 1. Conse-
quently, the AP, calculated from equation (10), which varies from 25 to 50
percent of the total measured AP, is too low and results in too high a value
of friction factor. Because the velocity profile is more pointed with in-
creased heat generation, for a given flow rate, a smaller value of o should
be used.

. e . C Laminar flow. - In
: Curve  Data Laminar flow  Geometry T figure 16, the following
- —-— a ('fr:(l)er:l)r:;ficalll) Developing Circular tube T friction factors are
= b Experime‘ntal Developing Parallel plates T plotted agalinst Reynolds
i (evaluated at 1 number: (a) Langhaar's
film temper- theoretical friction
- ature) ) 1 factors for laminar flow
——-—— ¢ Theoretical Fully developed Cl;iu{gert:be, in the entrance region
= 2— —_— d  Theoretical Fully developed Parallel plates, ;?9/ of a circular J_Cube (I‘ef.
2 f= 22IRe Ve 11), (b) experimental
E | //;Fﬁ Y awd laminar friction factors
g 1 L // ||| of this investigation,
£ ' P ane s (c) friction factors for
S . e / T 1 fully developed laminar
22 .6 %i// s ! - flow in a circular tube,
S - ////'/ y L 11T and (d) friction factors
g8 .4 X //)// 141 for fully developed lam-
S5 T © | inar flow for a rectan-
E @ //,/ L e ‘ gular duct of the geome-
5 9 - A7 i try used in this inves-
B ~ 1L tigation.
s 1 AL : ’
2 4 | L If the ratios of
=l ! LD the curves a/c and
. 001 .002 .004 .006 .008.01 .02 .04 .06 .08 .1

Dimensionless distance from test-section entrance divided by Reynoids number, (x/D)/Re b/d are compared, it is
Figure 16. - Average laminar-flow friction factors in entrance region for developing found that these ratios
and fully developed laminar flow for circular tube and parallel plates. are approximately the
same. Although the en-
trancé region does not
extend the entire length of the channel, these ratios establish that the pres-
sure drop in the entrance region is appreciable. As a result, the average val-
ues of friction factor calculated over the test-section length should be larger
than those for fully developed laminar flow.

Turbulent flow. ~ In figure 15 is plotted (f/Z)f against modified film
Reynolds number. As previously noted, most of the data fall above the pre-
dicted Kédrman-Nikuradse line. On the other hand, the isothermal data correlate
well since the velocity profile at the wall is not affected by the viscous
forces associated with heating, and the Reynolds number is higher for the same
flow rates. In general, most investigators have found good agreement with the
predicted line at higher bulk Reynolds numbers (above 10,000) but only fair
agreement in the bulk Reynolds number range 2000 to 10,000. Although it is
true that o = 1 for fully developed turbulent flow and constant properties,
it is possible that variable properties alter the shape of the velocity profile
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sufficiently to change the value of a, and thus give too low a momentum pres-
sure drop and too high a value of friction factor, especially in this low

Reynolds number region.

Heat Transfer in Turbulent Flow

The turbulent heat-transfer data are developed from four variable-power
runs at a hydrogen flow rate of 0.023 pound per second. Since Reynolds numbers
based on bulk gas temperatures vary from 9000 to 14,000 (3000 to 12,500 on a
modified film basis), flow in these runs is characterized as turbulent. Local
heat-transfer coefficients are calculated because of the extreme variation in
properties throughout the test section.

Figures 17 and 18 (based on run 905) illustrate the typical axial trends
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Figure 17. - Typical variation of temperatures and heat rate with test-section length for
turbulent flow, Hydrogen mass-flow rate, 0,023 pound per second,

of the more significant variables along the test-section length. The heat flux
g increases through about 95 percent of the length of the test section and
then drops off over the last 5 percent because of conduction losses through the
electrical bus connections. The interdependence of heat generation gq, surface
temperature T_, and bulk gas temperature T, for a given gas flow rate is
shown. Because the gas temperature increases throughout the length of the test
section, the Reynolds number, reflecting the effect of viscosity, decreases
through about 90 percent of the test-section length and then levels off. The
Nusselt number decreases with the Reynolds number through about 80 percent of
the test-section length and then levels off or increases slightly as the effect
of Prandtl number and the ratio of surface to bulk gas temperature TS/I% be-
comes more’ significant. The heat-transfer coefficient h first decreases and
then increases throughout the test-section length and thereby reflects in-
versely the effect of TS/’I‘.b as reported in reference 1.
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0.023 pound per second.

The local heat-transfer coefficients are calculated on the basis of the
measured surface temperature profile shown in figure 9 (p. 15). The data may
be characterized by the power inputs tc the gas. Run 900 represents the lowest
power run and approximates constant-property conditions. Runs 901, 902, and
905 represent progressively higher power inputs and hence greater deviations
Trom constant-property conditions. The data are best correlated by the follow-
ing Dittus-Boelter equation:

0.8 0.8 0.4
G T c 1L
hD - 0.023 ma D b p,f~f

(12)
ke Hp T ke

with the fluid properties evaluated at the film tempersture (fig. 19). All of
these data correlate within +16 percent and -6 percent of the previous equa-
tion, the majority (70 percent) of the data correlating within *6 percent. The
data that deviate most are in the region of 20 diameters or less from the en-
trance which indicates an entrance effect.

The data from the low-power run (900) do not correlate as well as the data
from the higher power runs. One reason suggested for this discrepancy is that
the number of spacers used in the test section may cause greater turbulence at
the higher Reynolds numbers and increase the heat transfer.

The fact that the majority of the data do correlate with the standard
equation even with the added turbulence caused by the spacers is significant
and indicates that the effect of spacers can be accounted for by basing the
mass velocity on the minimum cross-sectional flow area and by assuming the
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spacer to be part of the heat-transfer surface area.

SUMMARY OF RESULTS

The following results were obtained in investigation of local heat-
transfer cocefficients and average friction factors for turbulent and laminar
flow of hydrogen over parallel tungsten plates at surface temperatures up to

5000° R:

1. Tocal laminar Nusselt numbers in the entrance region of parallel plates
exhibited a decided decrease with an increase in heat generation.

2. The thermal entrance length required for the local laminar Nusselt num-
ber to approach a constant, at a constant flow rate, was a function of the
local modified film Reynolds number, which decreased as much as a factor of 3
from the entrance to the exit of the test section.

3. The value of Nusselt number for fully developed laminar flow across
parallel plates was determined experimentally to be 2. This number is in rea-
sonable agreement with analytical results.

4. Local turbulent heat-transfer coefficients in a parallel-plate configu-
ration with surface temperatures as high as 5000° R and ratios of surface to
bulk temperature as high as 3.0 correlated well with those calculated by using
a Dittus-Boelter type equation with properties evaluated at the film tempera-
ture. The effect of spacers and other support members in the heat-transfer
section can be accounted for by basing the mass velocity on the minimum cross-
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sectional flow area and by assuming the spacers to be part of the heat-transfer
surface area.

5. Average turbulent isothermal friction factors correlated well with the
Karman-Nikuradse curve. With the addition of heat, however, the modified fric-
tion factors for a given flow rate became progressively higher because of
changes in the velocity profile resulting from variations in hydrogen proper-
ties.

6. A comparison of laminar friction factors of this investigation in the
developing region with fully developed friction factors in parallel plates
showed the same trend as the analytical results of Langhaar for developing and
fully developed constant-property friction factors in a tube.

Lewis Research Center .
National Aeronautics and Space Administration
Cleveland, Ohio, April 20, 1964
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